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Warming temperatures may increase the geographic spread of vector-borne diseases into temperate areas. 
Although a tropical mosquito-borne viral disease, a dengue outbreak occurred in Madeira, Portugal, in 
2012; the first in Europe since 1920s. This outbreak emphasizes the potential for dengue re-emergence in 
Europe given changing climates. We present estimates of dengue epidemic potential using vectorial 
capacity (VC) based on historic and projected temperature (1901 - 2099).  VC indicates the vectors’ ability 
to spread disease among humans. We calculated temperature-dependent VC for Europe, highlighting 10 
European cities and three non-European reference cities. Compared with the tropics, Europe shows 
pronounced seasonality and geographical heterogeneity.  Although low, VC during summer is currently 
sufficient for dengue outbreaks in Southern Europe to commence–if sufficient vector populations (either 
Ae. aegypti and Ae. albopictus) were active and virus were introduced. Under various climate change 
scenarios, the seasonal peak and time window for dengue epidemic potential increases during the 21st 
century. Our study maps dengue epidemic potential in Europe and identifies seasonal time windows when 
major cities are most conducive for dengue transmission from 1901-2099. Our findings illustrate, that 
besides vector control, mitigating greenhouse gas emissions crucially reduces the future epidemic 
potential of dengue in Europe. 

  Climate Change and Aedes Vectors:  21st Century Projections for Dengue Transmission in Europe 
 This study shows potential for future dengue outbreaks in Europe based on temperature-dependent vectorial capacity (VC) 
 Past and present assessments of VC indicate strong seasonal patterns in temperate climates’ dengue epidemic potential 
 Current VC intensity could permit summer dengue epidemics in Southern Europe driven by either Aedes vector, where present  
 Extent of spatial and temporal VC changes depend on vector characteristics and projected greenhouse gas emissions scenarios   
 With climate change, future VC intensifies: shifting northward and prolonging the season suitable for dengue epidemics  
 By the 21st century’s end, seasonal dengue outbreaks could emerge in much more of Europe if Aedes vectors were established  
 Achieving the Paris Agreement’s emission reduction commitments could decelerate the increasing threat of dengue to Europe 

 

 
 
 
Article 
Highlights:         
 

Globalization and climate change can increase the geographic spread of vector-borne diseases. Among those, dengue, a mosquito-
transmitted viral disease, causes up to 390 million human infections annually. This study evaluates potential for dengue outbreaks in 
Europe based on climate conditions. Estimated suitability (1901-2099) for dengue outbreaks is expanding presently from Southern Europe 
northward and lengthening seasonally up to eight months around the summer; however, the projected extent, intensity and duration 
depend partially on greenhouse gas emissions. We conclude that limiting emissions thereby mitigating climate change could substantially 
reduce the likelihood of dengue transmission events in Europe during the 21st century 
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S1. Comparison of temperature data: gridded CRU vs. local weather station MIDAS data 

Our study of dengue epidemic potential based on vectorial capacity (VC) uses temperature data as the 
input. For most of our results (Figures 2-4, S1, S4-S8), we used Climatic Research Unit (CRU) Time Series 
temperature data (CRU-TS3.221) because of its consistent historic time span for over 100 years, 1901.1- 2013.12. 
The CRU data set is gridded to 0.5 x 0.5 degree resolution (about 50x50 km at the equator), based on analysis of 
over 4000 individual weather station records. This means that temperature values could be sensitive to their 
surrounding environment, such as oceans, through the spatial interpolation algorithm applied. Therefore, the 
consistency of temperatures were checked between data from CRU and local weather stations in the Met Office 
Integrated Data Archive System (MIDAS)2. 

Temperature data from CRU were monthly averaged means and the data from MIDAS were recorded 
every 3-hours (8 times daily).  Therefore, MIDAS data were averaged for each month before comparing with 
CRU-TS3.103 data. Differences between the two data sets were calculated for each month from 1/2000 to 
12/2009. The means and the standard deviations (SD) were calculated over the 10-year periods (Table S1). 

As shown in Table S1, the two data sets are more or less identical except that deviations occur for cities 
having a large portion of coastal lines. An example is the coastal city of Funchal on the Portuguese island of 
Madeira, which in total is only about 740 km2, less than one-third of a single grid in the CRU datasets. The 
comparison indicates that our results based on CRU data appear generally valid. However, MIDAS data may 
further improve the understanding of dengue VC, particularly in coastal cities, for time resolutions of less than a 
month, and for modelling diurnal variation more accurately.  

The differences observed in the two datasets (CRU vs. MIDAS) were largest in Madeira (3.34 °C), then 
Nice (2.17 °C) and Malága (1.79 °C) among the European cities studied. T the VC values from CRU data for all 
the coastal cities may be underestimated during the summer and overestimated during the winter compared to 
its observed value from local weather station. The relatively small standard deviations (SD) observed for the 
comparison show a rather consistent difference between the data sources over time for each location. 
 
Table S1. Differences in temperature between MIDAS2 (local weather station) and the CRU-TS3.103 (gridded) 
data set. Temperatures from each source were averaged for the period 1/1/2000 – 12/31/2009. 

City TMIDAS-TCRU (SD) 
oC 

Stockholm 0.56 (0.5) 

Berlin 0.26 (0.3) 

Amsterdam 0.17 (0.2) 

Paris -0.66 (0.4) 

Nice 2.17 (0.2) 

Rome -0.62 (0.5) 

Athens 1.34 (0.3) 

Málaga 1.79 (0.7) 

Madeira 3.34 (0.3) 

Miami -0.31 (0.1) 

Colombo 0.94 (0.8) 

Singapore  0.09 (0.2) 
 
S2. Madeira: the comparison from different temperature data sources on VC estimation 

We chose Funchal, Madeira to illustrate the difference in VC for the coastal cities. Figure S1 shows the 
average VC over the period 2004-2013 as a function of month, including DTR. In Figure S1(a), Madeira’s 
temperature was calibrated to the local weather station MIDAS4 data by adding 3.34 °C (see Table S1); 
temperature was not adjusted in Figure S1(b). Compared to using unadjusted CRU data, the peak height for 
Madeira increased and the seasonal window in VC over the threshold value increased from one month to five 
months when using adjusted CRU data. Therefore, using the original CRU data, our estimation of VC in Madeira 
was considerably lower than the values estimated from local weather station due to the lower averaged 
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temperature values from the climate data source. We assume that this bias continues to the future given that the 
grid of the future projection data corresponds to the CRU data. However, the overall trends over 200 years are 
not greatly affected by the CRU temperature data bias, although the exact decade that the DEP will be over the 
threshold may vary.  

 
Figure S1. Seasonality of VC for 13 selected cities – ten European cities plus three reference cities from tropical 
and subtropical cities.  VC was averaged over the period 2004-2013 for each month of the year, including DTR. 
CRU-TS3.221 monthly temperature data were used_ENREF_2 for all cities (Fig. S1(b) except Madeira where 
temperature was adjusted to MIDAS2 (local weather station in Funchal) data (Fig. S1(a)).  
 
S3. Temperature dependent vectorial capacity and female vector-to-human population ratio 

As described in the Method section of the main article, vectorial capacity is defined as4,5 
2 mn
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The six vector parameters involved are 1) the average vector biting rate ( a ), 2) the probability of vector to human 

transmission per bite ( hb ), 3) the probability of human to vector infection per bite ( mb ), 4) the duration of the 

extrinsic incubation period (n), 5) the vector mortality rate ( m ), and 6) the female vector-to-human population 
ratio (m). Each of the six vector parameters depends on temperature. The relationship between VC and 
temperature depends on the temperature relationship of each of the six individual vector parameters in equation 
(S1). The temperature relationships for the rest five vector parameters are found in literature for Ae. aegypti and 
described in detail elsewhere6. 

The temperature relationships of vector parameters provided the basis for incorporating the influence of 
DTR in VC (equation (1)). We created a new daily temperature profile (48 points) using the daily mean 
temperature (T) and the daily DTR by assuming a sinusoidal ½-hourly temperature variation between the two 
extremes (T ± DTR/2) within a period of 24 hours. The corresponding VC was calculated using this new daily 
temperature for each 30 min. of the day and then averaged over a day. When using monthly temperature data 
(maximum, mean and minimum) as input, we have assumed the same temperature for each day of the month. 
In the same way as with daily temperature (T, DTR), T is the mean temperature and DTR is between the 
maximum and mean, and between mean and the minimum temperature. DTR was incorporated in the calculated 
VC for each day (every 30 min. first and then averaged over the day). This daily VC is the same averaged VC over 
the month.  

The female vector-to-human population ratio, m, is assumed to depend on temperature the same way as 
the life expectancy or inverse of the mortality rate. The longer the female mosquito lives, the higher the female 
population would be. The same reasoning has been used before7. A constant, c, with unit of 1/time has to be 
multiplied in order to keep the m in the right unit as shown in Eq. (S2) below.  

m

cm



 (S2) 
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Here c is chosen such that the maximum value of m (mmax) is 1.5. Sensitivity analysis of VC to other values of 
mmax is discussed in Section S6. 
 
S4.  Temperature dependent vectorial capacity and vector parameters for Aedes albopictus  

Aedes albopictus is an important dengue vector for Europe. Although being a secondary dengue vector, 
the widespread distribution of Aedes albopictus in Southern (Mediterranean) Europe warrants special 
attention8-11. However, the literature base is limited on temperature relationships.  

Among the six vector parameters involved in the VC calculation6,7 only the temperature dependence of 

mortality rate ( m ) and human biting rate ( a ) were found13. On the other hand, both biting rate and mortality 

rate affect the VC most due to their quadratic ( a ) and exponential relation ( m ) as shown in Equation (S1). The 
remaining parameters in the VC were assumed to have the same temperature relation as those for Aedes 
aegypti76 with some justifications as discussed in the Method section of the main manuacript.  

Figure S2 shows the temperature dependent relations of these two vector parameters and vectorial 
capacity for Ae. albopictus and using Ae. aegypti for comparison. As we know, Ae. albopictus bites both animals 
and humans11,12. Based on the human and dogs experiment13, the values for biting rate ( a ) to human was taken 

as 0.88 of the total biting rate ( Ta ), which is taken as inverse of the duration of gonotrophic cycle14.  The biting 
rate shown in Fig. S2(b) is for biting rate to human ( a ) after multiplying 0.88 to the total biting rate. At both 
low and high temperatures (less than 20 and higher than 31°C), Ae. albopictus has higher survival rate or the 
lower mortality rate as compared to Ae. aegypti, which will increase the VC. On the other hand, at these two ends 
of temperature (less than 20 and higher than 31°C), Ae. albopictus has lower biting rate than Ae. aegypti which 
will decrease the VC. Only in a very narrow tropical climate (between 25 and 31°C), Ae. albopictus could have 
higher VC than Aedes aegypti if the other vector parameters were the same for both vectors. For the rest of the 
three vector parameters used in the VC calculation, no temperature dependent relations were found in the 
literature. We used the same relations for Aedes aegypti6. However, a reduction of 0.7 was used for the 
probability of transmission per bite to human (bh) for Aedes albopictus relative to that for Ae. Aegypti, based on 
laboratory experiments on relative oral susceptibility to DENV of the two Aedes vectors14. In these experiments, 
Lambretchts et al. found that relative to Aedes aegypti, the rate of midgut infection (bm) for Aedes albopictus 
was increased by 0.08 and the rate of virus dissemination from the midgut (bh) was reduced by 0.29 for mosquito 
colonization of less than 5 generations (Table 1)12. Since the change of bm is small, we assume that was the same 
for the two vectors. For bh, we converted the difference between the two vectors to ratios (0.5 - 0.7) at different 
temperatures (20 - 30 °C) based on the temperature dependent relation of bh15. The highest ratio 0.7 was used to 
calibrate the probability of transmission per bite to human (bh) for Aedes albopictus relative to that for Ae. 
Aegypti in the temperature dependent relation. Fig. S2(c) shows the overall effect of all parameters to VC for Ae. 
albopictus which is lower than that for Ae. Aegypti as expected. 

Figure S2(c) and (d) show the overall effect of all parameters to the vectorial capacity for both vectors as 
a function of temperature. VC for Ae. albopictus is lower than that for Ae. Aegypti as expected. In these figures, 
we have also included the same relationships for five different DTRs. As we have found earlier with relative VC, 
VC depends on DTR strongly, both the peak intensity and the position. When DTR increases from 0°C to 20°C, 
the peak height of VC reduced from 2.06 to 0.66 day-1 for Ae. aegypti and from 1.25 to 0.39 day-1 for Ae. 
Albopictus; the peak position of VC reduces from 29°C for Ae. aegypti (29.3°C for Ae. albopictus) to 20°C for 
both Aedes vectors.  

The combined effects of mean temperature and DTR on VC are more complicated. As shown in Fig. S2(e) 
for Ae. aegypti and Fig. S2(f) for Ae. Albopictus, VC as heat maps illustrate a non-linear relationships to 
temperature. If we take a horizontal cut of the map, as DTR increases, VC vs. mean temperature relation changes 
from a curve with a single peak to that with two or more peaks of different heights. If we take a vertical cut of the 
map at the peak temperature of 29°C, as DTR increases VC reduces monotonically; however, if the mean 
temperature is at 15°C, as DTR increases VC increases first and reaches a plateau, and eventually will decrease 
at very high DTR. Therefore, in models including DTR, temperate climate zones with larger DTR will have greater 
DEP, while tropical areas with less DTR will have lesser DEP than the estimate in models using mean 
temperature alone. This is particularly relevant to Europe, where DTR is greater than tropical areas. 
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Figure S2. Temperature dependent vector parameters and vectorial capacity comparison for two dengue 
vectors - Ae. aegypti16,17 and Ae. Albopictus14. Vector parameters are shown in Fig. S2(a) - Female vector 
mortality rate, and Fig. S2(b) - biting rate to human. The biting rate to human is assumed to be 0.88 of the total 
biting rate based on the human and dogs experiment13. The probability of transmission per bite to human (bh) is 
assumed 0.7 of that for Ae. Aegypti12. Lines in Fig. S2(a) & (b) are fitting to 3rd (biting rate) to 4th (mortality rate) 
polynomial functions. Vectorial capacity and its dependence on temperature and DTR are shown in Fig. S2(c-f). 
The combined effects of mean temperature and DTR on VC are shown as heat maps for Ae. aegypti (Fig. S2(e)) 
and for Ae. Albopictus (Fig. S2(f)). 
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This combined effect of mean temperature and DTR helps us to understand the result in Fig. 4 in the 

main article. As temperature increases with time from 1970s onward, Central (especially Nice) and Northern 
Europe has shown great increase in transmission intensity during summer while Southern Europe has shown 
decrease. This is due to both the increase of mean temperature and differences in DTR. The larger DTR in Central 
to Northern Europe than the Southern Europe shifted the peak temperature of VC from 29°C for Ae. aegypti 
(29.3°C for Ae. albopictus) when DTR is 0°C to lower temperature. Together with increased mean temperature, 
VC for this region would be closer to the new peak value while the Southern Europe would move further away 
from the peak position with reduced VC value as shown in Fig. S2(c) – (f). 
 
S5Vectorial Capacity (VC) and epidemic outbreak threshold  

The basic reproduction number 0R  is usually used to describe the epidemic outbreak threshold. It 

represents the number of new cases generated by one infected person during his/her infectious period ( hT ) when 
introduced into a totally susceptible population. Vectorial capacity represents the daily basic reproduction 

number4-6 if using days as the unit for infectious period. An outbreak of an infectious disease occurs when 0R
 is 

larger than 118,19. VC is related to 0R
 according to the expression: 

0 
h

RVC
T


 . (S3) 

Where Th is the human infectious period. The critical or threshold values (labeled as *) for an epidemic outbreak 

for VC ( ) are 
1* 
h

VC
T


 or 1/infectious period. (S4) 

The infectious period of dengue is chosen to be the same as the viremic period since the duration of 
infectiousness in individual humans has not been evaluated. It has only been estimated collectively from cohorts 
of humans, as a function of day of illness20. The viremic period is estimated from the intrinsic incubation period 
(IIP), the time between the onset of symptoms and the latent period (the period between infection and the onset 
of infectiousness), since most individuals have been noted to become infectious within a day before or after the 
onset of disease21. A range of IIP22 was cited depending on the sources: 4–10 days from the World Health 
Organization23, 3–14 days from the Centers for Disease Control and Prevention24, but mostly 4–7 days22,25. Here 
we assume that the infectious period is between 4–10 days and centered around 5 days20. This means that for an 
epidemic outbreak to take place, the VC must be larger than  

1*  0.2VC day  (or between 0.1 day-1 and 0.25 day-1), (S5) 

for the basic reproduction number 0R to be larger than 1. The range of threshold values in the parentheses is 
based on the range of infectious period (4 ≤ Th  ≤ 10 days. Analysis of both the outbreak in Madeira in 2012 and 
the first dengue epidemic in over 70 years in Japan confirmed that DEP exceeded this threshold coinciding with 
the transmission26. 
 
S6. Sensitivity Analysis of VC for Aedes vectors 

Many factors and uncertainties may affect the exact dengue transmission time and time windows for the 
values of VC to go over the threshold, such as, the threshold values of the dengue transmission from 0.1 to 2.5 
day-1 (Eq. (S5)) and vector parameters used in Eq. (S1), to name a few. In this section, we will examine a few 
factors through sensitivity analysis of them to VC estimation. 
 
S6.1. Uncertainty of six vector parameters to VC: Monte Carlo simulation and VC ± 95%CI 

Sensitivity analysis of VC to its six vector parameters was carried out using Monte Carlo (MC) 
simulation27. The 95% Confidence Interval (or Credibility Intervals in MC28) and mean of VC were estimated for 
19 temperature points ranging from 10 to 32.5 °C. Each vector parameter was varied randomly following a 
normal distribution around its mean with standard deviation (SD), σ = 5%*mean. Thus, approximately 95% of 
parameter values falls within ±2σ or ±10% from its mean. This choice of SD was based on the vector mortality 
rate, μm, whose variance was 6-16% from experimental data17.  This is the only uncertainty estimate found in the 

0 1R 
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literature among all of the five independent vector parameters (m depends on μm as shown in Eq. (S2)). To make 
it uniform, we assumed the same SD of 5%*mean for all six vector parameters in order to evaluate the sensitivity 
of VC to their variation. 

In the MC simulations, at each temperature the mean of each of the six vector parameters was calculated 
first based on their temperature dependent relationships. We then repeated the same procedure 1000 times 
under the random generation of each of the six parameters around their means. The corresponding values of VC 
were calculated based on Eq. (S1) for each of the 1000 runs. The 2.5th and the 97.5th percentiles of the VC and 
each of the six parameters were identified to give the value of 95%CI and their means. Repeating this process 
over the temperature range, the dependences of VC ± 95%CI and its six parameters on temperature were 
obtained. Table S2 shows the results for each vector parameter and VC for both Aedes vectors. Figure S3 shows 
the temperature dependence of the mean VC and VC ± 95%CI for both Aedes vectors. Similar tilted bell shaped 
temperature relations were observed for VC ± 95%CI as for the mean VC and for Ae. albopictus as for Ae. aegypti. 
 
Table S2a 

 
Table S2b 

 
Table S2. Temperature dependent VC and its six vector parameters with 95% CI using Monte Carlo simulation 
for (a) Ae. aegypti (b) Ae. albopictus. The 95% Credibility Intervals and mean were estimated for each 
temperature ranging from 10 to 32.5. Each vector parameter was varied by σ = 5% from its mean using normal 
random number generator. The total number of runs was 1000. 
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Figure S3. Sensitivity Analysis of VC to the variation of its six vector parameters using Monte Carlo simulation 
for (a) Ae. aegypti and (b Ae. albopictus. The 95% Confidence Interval and mean of VC were estimated for each 
temperature ranging from 10 to 32.5. Each vector parameter was varied by σ = 5% around its mean using normal 
random number generator. The total number of runs was 1000. 
 
S6.2. VC ± 95%CI for ten European cities over three periods of the 21st century  

Fitting the VC ± 95%CI data in Table S2 with 5th order polynomial functions, analytical relationships for 
VC ± 95%CI with temperature were obtained. Using these fitted functions and Eq. (S1) and temperature data as 
input, we estimated VC ± 95%CI and VC for ten European cities over three periods during this century. Figure 
S4 shows the results on seasonality of dengue epidemic potential for two Aedes vectors: Ae. aegypti (Fig. S4A) 
and Ae. albopictus (Fig. S4B). In each figure, the top row corresponds to the averaged VC over the recent decade 
(2004-2013 using CRU-TS3.221 temperature data); the middle and bottom rows to three decadal averaged VC 
over the middle (2030-2059) and the end (2070-2099) of this century. The corresponding estimates for the 
future were calculated using projected future temperatures (see Methods section for details) under the highest 
greenhouse gas emission pathway (RCP 8.5)29 where VC were averaged over 5 projected climate models 
(CMIP536). In these calculations, DTR was included and mmax =1.5. In each figure, the middle column (Figure S4 
(ii, v, viii)) corresponds to the mean values of VC where Figure S4(ii) and S4(viii) are the same as Figure 2 (only 
European 10 cities) and 3(vi) in the main article; the left column (Figure S4 (i, iv, vii)) corresponds to VC + 
95%CI  ̶  the upper limit and the right column (Figure S4 (iii, vi, ix)) to VC - 95%CI  ̶ ̶  the lower limit.  

As shown in Fig. S4, the same seasonality of VC is observed in all three curves: VC mean and VC± 95%CI, 
although the width and height varies from its mean. The same characteristic transmission window and intensity 
for dengue epidemic potential were observed under both limits of uncertainty and for both vectors. Over the 
recent decade (Fig. S4 top row), for Ae. aegypti six cities (using VC-95%CI) to seven cities (using VC or 
VC+95%CI) among the ten estimated were over the threshold (0.2 day-1) for at least one month of the year in 
dengue epidemic transmission; for Ae. albopictus, they were three cities (using VC-95%CI) to five cities (using 
VC+95%CI) in Europe among the ten estimated were over the threshold. 

In the future under the worst case scenario of RCP8.5, for Ae. aegypti all of the 10 cities will be over the 
dengue transmission threshold for at least one month of the year within the limits of 95%CI, although the 
duration will be different depending on the time period, the upper and the lower limit of 95%CI; for Ae. 
albopictus, the number of cities that is over the dengue transmission threshold would be six (using VC-95%CI) 
to eight cities (using VC+95%CI) in the middle of this century (2030-2059), and all of the 10 cities by the end of 
this century within the limits of 95% CI. 

Therefore, there will be no qualitative changes in the conclusions drawn from Fig. 2-3 after considering 
the uncertainty of vector parameters. It is a matter of when and the exact number of months in duration (or time 
windows) over which this would happen. Our study has shown a clear upward trend in dengue epidemic potential 
over the 200 years’ time and seasonality transmission window during the year. This holds even after vector 
parameters’ uncertainties were included. 
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Figure S4A.   VC ± 95%CI for Ae. aegypti  

 
Figure S4B.  VC ± 95%CI for Ae. albopictus  

 
Figure S4. Comparison of seasonality curves for ten European cities between the mean of VC and the VC± 95% 
CI for Ae. aegypti (Figure S4A) and Ae. albopictus (Figure S4B). The VC in Fig. S4 (B, E, H) were calculated from 
Eq. (S1) and VC ± 95% CI in the rest of figures were estimated from Fig. S3. All VC values were averaged over 
either one decade (top row) using CRU-TS3.223 temperature data or over three decades (the middle and low 
rows) and 5 models (CMIP536) using projected future temperature data under RCP8.5. DTR was included with 
mmax =1.5.  
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S6.3. Uncertainty of threshold (infectious period) to dengue transmission duration 

So far all the estimation and discussion in the main article for transmission window (Fig. 4) was based 
on the epidemic outbreak threshold of VC*= 0.2 day-1, which was based on the assumption of the infectious 
period of 5 days20. As stated in Section S5, the infectious period for dengue is between 4 and 10 days. This means 
that the threshold of VC for the dengue epidemic outbreak is between 0.1 and 0.25 day-1 as shown in Equation 
(S5). The uncertainty of infectious period and therefore the threshold value affects the transmission window 
shown in Fig. 4. Using the upper and lower limit of the threshold conditions, we estimated the number of months 
that VC would be over the threshold for the rest of the century.  

Figure S5 shows effect of infectious period on the duration (number of months) of dengue epidemic 
potential when decadally averaged VC will be over the threshold during the nine decades of this century. Two 
climate scenarios were estimated: RCP2.6 (top row) and RCP8.5 (bottom row) for two vectors: Ae. aegypti (Fig. 
S5A) and Ae. albopictus (Fig. S5B). Three different threshold values (VC*=0.1, 0.2, and 0.25 day-1) were 
compared which corresponded to three infectious periods (Th): 4 (left columns in Fig. 5), 5 (middle) and 10 (right) 
days within the infectious period range of 4-10 days.  

Under the best climate scenario (RCP2.6), for Ae. aegypti the number of cities that would have 
consecutive three or more months over the threshold ranges from 4, 6 to 7 cities when using the threshold 
condition from the lower, middle to the upper limits; for Ae. albopictus they are 3, 3 to 4 cities over the threshold 
corresponding to the lower to the upper threshold limits. 

Under the worst climate scenario (RCP8.5), for Ae. aegypti the number of cities that would have 
consecutive three or more months over the threshold ranges from 7, 9 to 10 cities when using the threshold 
condition from the lower, middle to the upper limits; for Ae. albopictus they are 5, 6 to 9 cities over the threshold 
corresponding to the lower to the upper threshold limits. 

Thus, our conclusion based on Fig. 4 is unchanged since we have chosen a strict threshold condition – 
0.2 day-1 which is very close to the upper limit of 0.25 day-1. However, the decade that Nice is over the threshold 
is 2011s under the threshold condition of 0.2 day-1 (Fig. 4a (B)), which would be delayed by one decade to 2020s 
(Fig. S5a (left)) under the upper limit of the threshold condition: 0.25 day-1 (Th = 4 days). This comparison among 
the three columns in Fig. S5 shows importance of the threshold condition based on the infectious period. We 
have chosen conservatively. 
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Figure S5A.  Transmission window vs. infectious period (Th) - Ae. aegypti 

 
Figure S5B. Transmission window vs. infectious period (Th) - Ae. albopictus 

 
Figure S5. The number of months that the VC is over threshold based on uncertainty of the infectious period 
(Th) for Ae. aegypti (Fig. S5A) and Ae. albopictus (Fig. S5B). Left column: the upper limit of the threshold 
(VC*=0.25 day-1) based on the shortest infectious period of 4 days; middle column: the typical threshold used in 
the main paper (VC*=0.2 day-1) based on the infectious period of 5 days; right column: the lower limit of the 
threshold (VC*=0.1 day-1) based on the longest infectious period of 10 days.  Top curves correspond to the best 
climate scenario of RCP2.6 and the bottom the worst climate scenario of RCP8.5 over nine decades during this 
century. DTR was included and mmax=1.5. 
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S6.4. Uncertainty of vector population (mmax) to dengue transmission intensity and duration 

VC depends on temperature through its six vector parameters as shown in Equation (S1). Among them, 
five temperature dependent relationships were obtained through literature. The female vector-to-human 
population ratio, m, were unknown. Assumption on how m depended on temperature was made as shown in Eq. 
(S2) where a constant c were chosen in such a way so that mmax=1.5. The uncertainty of mmax is addressed here. 
We varied mmax from 1 to 2 and estimated VC for both the past and future decades and two dengue vectors. 

Figure S6 shows the effect of maximum female vector-to-human population ratio (mmax) on the 
seasonality of VC for 13 selected cities that correspond to Fig. 2 in the main article. Here VC were averaged over 
the recent decade (2004 – 2013) using CRU-TS3.22 monthly temperature data and DRT was included. The top 
row is for Ae. aegypti and the bottom row is for Ae. albopictus. Three values of mmax were compared: mmax = 2 
(left column), 1.5 (middle – same as Fig. 2) and 1 (right column). Similar shapes in seasonality curves were 
observed for all three values of mmax with different peak intensity as expected from the linear relationship of VC 
and m (Eq. (S1)). Ae. albopictus showed lower magnitude of VC than Ae. aegypti but the same effect on 
seasonality curves from different mmax values.  

As in the Fig. 4 in the main article, we have defined 1) dengue transmission intensity as the decadally 
averaged VC over the highest three consecutive months of the year, and 2) transmission window or duration as 
the number of months that the decadally averaged VC is over the threshold. Figure S7 shows the effect of varying 
mmax on the dengue transmission intensity over two centuries for ten European cities under two RCPs. Fig. S7A 
is the estimation for Ae. aegypti and Fig. S7B for Ae. albopictus. The top row is estimation of intensity under 
RCP2.6 and the bottom row under RCP8.5. Three values of mmax were compared in Fig. S7:  mmax = 2 (left 
column), 1.5 (middle – same as Fig. 4 (A)) and 1 (right column).  The higher the mmax values, the higher the 
transmission intensity. The higher the greenhouse gas emission pathway (RCP), the higher the intensity and the 
speed of intensity increase over this century. Under RCP2.6, the dengue transmission intensity will level off 
during the next few decades regardless the vector population. However, reducing the female vector population 
will bring some Northern to central European cities from above to under the threshold for dengue epidemics. 
Under RCP8.5, the dengue transmission intensity will keep increase from 1970s till end of this century with a 
speed and maximum value depending on the mmax values: the higher the mmax value, the faster the speed of 
increase in transmission intensity and the higher the maximum transmission intensity at the end of this century. 
Figure S6.  Seasonality of VC vs. vector population for both Aedes vectors 

 
Figure S6. Effect of maximum female vector-to-human population ratio (mmax) on the seasonality of VC for 13 
selected cities – ten European cities plus three reference cities from both tropical and subtropical areas. Top row 
is for Ae. aegypti and bottom row is for Ae. albopictus. Here VC is averaged over the recent decade (2004-2013) 
for each month of the year. DTR is included. CRU-TS3.22 monthly temperature data was used. 
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Figure S7A.  Dengue transmission intensity vs. mmax for Ae. aegypti 

 
Figure S7B.  Dengue transmission intensity vs. mmax for Ae. albopictus 

 
Figure S7. Effect of maximum female vector-to-human population ratio (mmax) on the seasonality of VC for 10 
selected European cities over two centuries for Ae. aegypti (Fig. S7A) and for Ae. albopictus (Fig. S7B). Historical 
temperatures were used from 1901 to 2009. From 2011 to 2099, two emission pathways were evaluated: RCP2.6 
(i-iii) and RCP8.5 (iv-vi). DTR is included. Intensity was defined as the averaged VC over the highest consecutive 
3-months for each decade. 
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Figure S8 shows the effect of varying mmax on the dengue transmission window over two centuries for ten 

European cities. The transmission duration that decadally averaged VC is over the threshold value of 0.2 day-1 
was estimated for Ae. aegypti (Fig. S8A) and Ae. albopictus (Fig. S8B) under RCP2.6 (top row) and RCP8.5 
(bottom row). As in Figure S6 & S7, three values of mmax were compared in Fig. S8:  mmax = 2 (left column), 1.5 
(middle – same as Fig. 4 (B)) and 1 (right column). The higher the mmax values, the longer the transmission 
duration. The higher the greenhouse gas emission pathway (RCP), the longer the transmission duration and the 
speed of transmission duration increase over this century. Like the transmission intensity, under RCP2.6, the 
dengue transmission window will level off during the next few decades regardless the vector population. 
However, reducing the female vector population from mmax = 2 to 1 will bring all the central European cities for 
Ae. aegypti and Nice for Ae. albopictus from above to under the threshold for dengue epidemics if using three 
months duration as the threshold. In contrast, under RCP8.5, the dengue transmission duration will keep 
increasing from 1970s to the end of this century such that the time for the dengue epidemic to occur becomes 
earlier as mmax increases. 

From the sensitivity analysis of maximum female vector-to-human population ratio to transmission 
intensity and duration, it is clear that vector population is important in the dengue epidemic potential 
estimation. Without the vector, there will be no dengue transmission. Reducing female vector population can 
bring the dengue epidemic potential intensity and duration from over to under the threshold. It can also delay 
the outbreak occurring time. This is especially important in the later of this century for those cities whose VC 
values are above but close to the threshold such as the Southern to Central Europe for Ae. albopictus and 
Northern (RCP8.5) to Central Europe (all RCPs) for Ae. aegypti. Therefore, in the short term of next decade, 
vector control is very important especially in Southern Europe for Ae. albopictus and Southern to Central 
Europe for Ae. aegypti under RCP2.6 to stop the dengue epidemics. However, reducing global warming to 
change from RCP8.5 to RCP2.6 has dramatic longer term effect on dengue epidemic potential especially toward 
later part of this century.  

For dengue outbreaks to actually occur, it requires that many necessary factors fall in place. Adequate 
vector population is one of them. Human exposure to mosquito biting is another. In addition, rainfall and 
humidity30 are not included in this model, nor is the local environment carrying capacity. Using more climate 
variables would make a better projection for future dengue risk as shown in the statistical model based on 
empirical dengue data31. Other conditions, such as microclimate and human lifestyle and interventions also 
contribute to the proliferations of the vector population. Future studies may seek to establish further 
understanding of these drivers. Dengue epidemic potential can be projected better if a dengue vector 
population distribution related to temperature becomes available. So does more vector parameters for Ae. 
albopictus. 

Dengue transmission is a complex process and not all factors needed for projecting long term 
transmission trends can be included in every model. We hope that our study brings one step closer in 
understanding the dengue epidemic potential for Europe, especially the seasonality aspect of the transmission 
possibility. For the dengue control, the result of this study may help policy makers to reduce cost by focusing 
on certain time period and certain geographical location in Europe. Additionally, our study offers vital new 
evidence that dengue epidemic potential across Europe increases sharply under business as usual emissions 
scenarios during the 21st century.  This information should underscore the need for collective action to reduce 
emissions and mitigate climate change given the increasing evidence that failure to act harms human health. 
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Figure S8A.  Dengue transmission window vs. mmax for Ae. aegypti 

 
Figure S8B.  Dengue transmission window vs. mmax for Ae. albopictus 

 
Figure S8. Effect of maximum female vector-to-human population ratio (mmax) on the transmission window 
of VC for 10 selected European cities over two centuries for Ae. aegypti (Fig. S8A) and for Ae. albopictus (Fig. 
S8B). Historical temperatures were used from 1901 to 2009. From 2011 to 2099, two emission pathways were 
evaluated: RCP2.6 (top) and RCP8.5 (bottom). DTR is included. Transmission window was defined as the 
number of months that the decadally averaged VC was over the threshold value of 0.2 day-1. 
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S7.  Comparison of this study with other statistical models and our previous work  
 
S7.1. Mathematical model vs Statistical model, comparing with Bouzid et al’s dengue risk 
mapping in Europe 

Our results based on VC, the threshold part of a mathematical model, may be compared to the recent 
study on dengue risk mapping in Europe using statistical model. Bouzid, et al.32 estimated climate change 
impacts on dengue fever incidence for Europe under one climate scenario – A1B, the rapid economic growth 
scenario (similar to RCP 8.5) to give a three snapshots of dengue risk during this century. Their future 
projection is based on past data - dengue cases, socioeconomic factors and climate (temperature, precipitation 
and humidity) from Mexico (1985-2007) and future climate data for Europe. Dengue cases in Mexico is mainly 
driven by Ae. aegypti. Thus their prediction is suited for future conditions similar to the past in Mexico for the 
transmission of vector mainly Ae. aegypti. Like our model they have overestimated the dengue risk in the past. 
On the other hand, they showed slow increase in the future whereas we showed greater potential increase 
under RCP8.5. We modeled the potential commencement of the dengue outbreaks while they modeled the 
actual incidence risk. We estimated VC for both Aedes vectors under four climate scenarios with decadal 
resolution over two centuries. Each has strength and weakness. Statistical modeling usually includes more 
climate variables33,34. Mathematical modeling is mechanism driven and tends to focus on the main factors and 
make assumptions on less important factors. Therefore, Mathematical modeling is less accurate for a particular 
area but is better to generalize geographically and temporally to situations less studied than statistical models. 
On the other hand, statistical modeling is association and comparison (exposure-response) based and tends to 
take into all the possible variables to describe a particular situation. They are more accurate to represent the 
past dengue areas but less accurate for the future on less studied areas. As stated by a recent review study of 
statistical modeling of dengue risk mapping, “Approaches using mechanistic models rather than statistical 
approaches…may provide more appropriate tools to explore this field of research ...”35. Although using different 
approaches, our findings have high correlation spatially with their findings in Southern Europe. Both predicted 
increase of dengue transmission in the future. Although we have estimated higher DEP in the Central to 
Northern Europe, we have drawn similar conclusions – climate change is likely to increase the dengue risk in 
the future. Therefore, both approaches are valuable and complement each other. Readers should take both 
views in consideration for the future of dengue risk in Europe.   
 
S7.2. Comparing with our previous study using relative VC for dengue epidemic potential  

In this study, we have calculated temperature dependent vectorial capacity for the European extent based 
on past, current, and 5 models future projections for both dengue vectors and 4 climate scenarios. Especially,  
1) we have expanded the model from Aedes aegypti to Aedes albopictus and displayed our finding for areas of 

Europe known to have Aedes vector populations; 
2) we have incorporated greater temporal resolution to our analysis (daily, monthly, seasonal, decadal vs. 30 

year averages) and resultant outputs; 
3) we have incorporated greater spatial resolution refined our cartographic outputs for the European extent; 
4) we have created time-space model applications of the original deterministic model and generated sensitivity 

analysis of each parameter involved in the VC calculation and interpretation; 
5) we have further investigated the potential areas and periods of transmission of dengue fever in Europe, 

looking into the results of the model in ten areas/cities of Europe. 
 
More details are listed in Table S3. 
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Table S3. Lists of the difference between this study from our previous work6.  

Category PLoS ONE 2014 article  This European paper 

1. Method Calculating dengue epidemic potential (DEP) Calculating dengue epidemic potential (DEP) 

1.1 DEP is based on Relative vectorial capacity - rVc  Vectorial capacity - VC 

1.2 sensitivity 
analysis None  

Yes,  uncertainty of 4 variables to VC: 

a.  Six vector parameters to VC (Monte Carlo 
simulation)  

b.  Threshold condition due to range of infectious 
period  

c.   Female vector-to-human population ratio  

d.  Global vs local temperature data sets 

1.3 Future climate 
scenarios  

Greenhouse gas emission pathway - RCP8.5 (the 
worst scenario)  

Greenhouse gas emission pathway - RCP2.6-8.5 
( all 4 scenarios) 

1.4 Map resolution Low resolution - 0.5x0.5 degrees monthly gridded 
temperature data as input 

Better resolution - 0.25x0.25 degrees daily 
gridded temperature data   as input 

2. Results 

1. Effect of temperature & diurnal temperature 
range (DTR) on 5 vector parameters and rVc for 
Ae. aegypti 

1. Seasonal European maps of VC for Ae. aegypti 
& albopictus for current & future decade under 2 
RCPs 

2. Global maps of rVc for Ae. aegypti from past, 
present to future under RCP8.5 

2.  Seasonality: VC vs. Month for 10 European 
cities, current  & future decade under 4 RCPs 

  
3.  Transmission intensity and duration of 10 EU 
cities over 200 years for both vectors under 2 
RCPs 

2. Scope Global Europe  &  its selected 10 cities 

3. Focus 

1.  Temperature and DTR on global DEP for Ae. 
Aegypti. 
2.  Changes of global DEP from past to present and 
future under RCP8.5 

1. Seasonality of European DEP for Ae. aegypti & 
Ae. albopictus 
2. Climate change mitigation on European dengue 
transmission intensity and duration  

5. Vector Ae. aegypti  Ae. aegypti &  Aedes albopictus 

6. Time scale Calculation of rVc for Ae. aegypti Calculation of VC for Ae. aegypti & Ae. albopictus 

6.1 total time span 
& resolution  200 years with 3 snapshots of 3 decades of each  Every decade over 200 years 

6.2 Seasonal maps  The warmest 3 month average  Four seasons of the year 

6.3 Seasonality  None  Every month of the year 

6.4  data input  Monthly temperature Daily and monthly 
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